T S R

Best Available Copy
!
|
~— \ B

for Federal Scientific & Technrcal
Information Springfield Va. 22151

. Best Available Copy  REGREIN




EM SHIELDING CF BUILDING MATERIALS

C. M. Brennan
et al

The Electro—Mechanics Company

This docu. -ent has been approved

for public refcase and sale, ot
d:stnbution 1s unhimited.
H
i .
—_ L. \
[- O N~ -7
! -
- R iy
’ D
e 1 TR oy
N .
P l\-jbs ;
N [




FOREWORD

This final report was prepared by C.M. Brennan, C.C. Lamtert, C.G.
Conner, G.F. Rovberts, W.T. Fiannery and F.J. Morris of The Electro-

P Mechanics Company, F.O. Box 154¢t, Austin, Texas, under Contract AF30

(602)-4275, project number L4SLO, task number 454503, Rejortiog period

covered May 1966 to June 1G0T, RADC project engineer is Wayne E. Wcod-

ward (EMCVI-2).

This report has been reviewed and is approved.

“ & 7"6<rrgumlug
Approved: 4a F. WOODWARD .
Intgrf Anal & Contrel Scc = _

Vulnerability Reduction Branch

g A
2 . T8, .
Colonel, USAF
Cricf, Cormunications Divisicn

Approved:

uz&

|QV|N GABELM
Chief, dvoncod S'ud es Group

FOR THE COMMANDER:

11 :




ABSTRACT

This report covers the results of a program for measuring the
shielding effectiveness (SE) of building materials. Part | of the report
describes a number of techniques which were used to make radiated
measurements of magnetic field SE from 10Hz to 50 KHz and conduc- ,
tive measurements from 10Hz to 1 GHz. A method was introduced for
plotting the low frequency field distribution about various shaped
ferromagnetic enclosures. Part Il contains a group of the significant
results of the radiated measurements on a variety of building materials.
A collection of tables shows thc measured electrical parameters and
the calculated shielding obtainable from a cross-section of dielectric

building materials.
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EVALUATION

The objective of this effort was to determine the snielding effect-~
iveness of materials normally used in the construction of buildings
housing electronic equipment. For the purpose of this effort the first
order parameters were wall materials, configurstion, and entry via seams,
doors, windows, power lines, root'.nz and et cetera. Knowle .ge of the
nature of basic construction materials with respect to behavior will
allow the construction of buildings in which materials can be chosen on

the basis of their composition and shisliding properties as well as their
structual properties.

Some of the high lights of this effort are as follows:

&. Shadowgraphs of the magnetic field distribution of miniaturized
enclosures can yield valuable data during the design stage. This tech-
nique will show where to place or where not to place electronic equip-
ment within an enclosure.

b. The use of reinforcing steel rods does not provide the proper
degree of homogeneity in & wall to effect good shielding. Expanded
metal plates have good homogeneous properties as well as strength and
good bonding characteristics.

c. Ferromagnetic materials are needed for shielding at frequencies
below 1 kHz. Conductive sheets or expanses of metals are responsible
for shielding effecviveness at frequencies above several kHz.

d. Dielectric construction materials, such as concrete, brick,
stone, plaster, etc. offer no significant shielding at frequencies,
below 100 MHz.

e. The presence of metal fixtures as furniture in an enclosure can
cause apparent shielding which is not homogeneous throughout the enclo-
sure. This can give misleading results when measuring shielding effect-
iveness of a building or room.
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EM SHIELDING OF BUILDING MATERIALS
PART |

Intrcduction:

Electrical and electronic equipment functioning normally may generate electrical,
magnetic or electromagnetic signals of a fundamental or spurious nature. Since nearly all
electronic circuits are influenced by induced signals, steps must be taken to keep the
radiation from one apparatus " om degrading the operation of another. Electronic inter-
ference is mest likely to occur in large concentrations of electronic and electrical equip-
ment. To prevent malfunction of control circuits, loss of security in intelligence systems
and physical damage to delicate circuitry, it is necessary to provide a proper shield be-

tween installations of incompatible equipment,

In the past, shielding was a concern only when delicate, low level measurements
were being made. Shielded enclosures were used to house equipment known to be inter-
ference generators, or the enclosures were used to house the equipment which had to be
protected from interfering signals. The history of screen shielding consists of little more
than a description of the use of copper screen enclosures with carefully soldered corner
seams and with good electrical contact at door and window seams. In recent years more
emphasis has been placed on shielding from magnetic fields as well as from electric and
electromagnetic fields. The name "low impedance" is often given to magnetic fields in

contrast to electric fields which are called high impedance fields.

The shielding of low impedance fields is considerably harder to accomplish than
shielding of high impedance fields. Whereas electric field shielding is rather easily
accomplished with a conductive enclosure, an effective shield for low frequency mag-
netic fields requires the use of magnetically permeable materials in massive amounts
compared to the amount of materials necessary in high frequency shields. The shape and
orientation of an enclosure with respect to its surroundings also play an important part in
determining the shielding effectiveness ( SE) of a barrier about a particular location, The
shape, orientation, and distribution of material in a shield are all considered in the

geometry of a shield.

The objective of the work on this program was to measure the SE of different
building materials by two methods. Radiated or induced field measurements were made on

a cemplete cross section of building materials. These measurements were mode covering the



frequency range from 10Hz to 50KHz. Conducted measurements which measure the elec -

trical characteristics of materials were made from 10Hz to 1 GHz.

Radiated measurements indicate directly the reduction of signal strength due to
the presence of an attenuating barrier. This reduction of signal strength is said to be the
SE of the barrier. The conducted tests measure the electrical parametzrs of materials.

By using the values of these parameters, the SE of the materials may be calculated.

The result of the measurements are tabulated in Part I} of this report. These tab-
ulations are arranged so as to be of help to building design architects and engineers.
With comparative shielding data available, the designers and builders will have a choice

of materials ‘or construction and may determine the best for shielding.

Shielding measurements have been classified in three categories: 1) the attenua-
tion of magnetic fields, 2) the attenuation of electric fields, and 3) the attenuation of
plane waves. According to procedures in Military Standards for SE measurements, mag= ,
netic field measurements are made up to 200KHz using shielded loops. Electric field
measurements are made using a tuned rod radiator and sensor. Electric field measurements
are usually made between 100KHz and 100MHz. Above this frequency the plane wave

measurements are made using tuned dipole or horn antennas.

Radiated measurements in this study were made using low frequency induction
fields in the frequency range from 10Hz to 50KHz. The conducted measurements were
made in the range of 10Hz to 1 GHz with the intention of comparing SE made by both
methods. A close correlation of SE values obtained by the two methods would indicate
that methods of determining shielding without the usual problems involved in making

radiated measurements were possible.

During the progress of measuring SE by the two methods described, it became
apparent that very little shielding was effected through the use of dielectric building
materials, unfortunately the largest category of building materials. Radiated tests
measuring the attenuation of magnetic fields at low frequencies verify the results of
conducted measurements at the low frequencies. They show that very little energy is
ubsorbed as the field passes through dielectric barriers. Equations for calculating SE of
d:2lectric materials from the conducted measurements show that shielding is heavily de-
pendent on the frequency of the fieid. Because of this dependency, shielding caused by
power consumption within the material does not become significant until the frequency

increases above 100 MHz,



A significant error is introduced into calculations of SE when conductive and
ferromagnetic materials are used. One such error is apparent shielding, caused by field
regeneration, When a time varying magnetic field impinges on a conductive surface,
Lenz's Law states that a voltage is induced in the conductor in such a manner as to cause
a current to flow, developing a magnetic field to oppose the incident field. The magni-
tude of this field is limited by the conductivity of the barrier, implying that ultimate
shielding could be produced by a superconducting barrier.

Another type of apparent shielding takes place about a ferromagnetic barrier, A
building or enclosure made of a material having a high magnetic permeability may dras-
tically change the magnetic field distribution about the enclosure. The analysis of field
distortion as an effect on the overall SE is very difficult. This problem of analyzing
magnetic field distribution led to the study of making magnetic field pattern studies. In
this technique, models of enclosures are made and low frequency magnetic fields are
generi:ted to show the field distribution about the enclosure. This test reveals the field
direction, but it does not show the absolute magnitude of the field intensity in the pat-
tern. However, the relative intensity of one area of field compared with anather may be

interpreted by the iron particle distribution in the pattern.

The behavior of magnetic fields about ferromagnetic barriers as well as other
characteristics of fields are all influenced by the shape and distribution of materials with-
in an enclosure. Magnetic field distribution patterns about sharp corners of an enclosure
differ from those abou* streamlined shapes. The complete loop of a conductive material
around the field lines of an incident field produce much more shielding than would be
produced by a lcop of a broken conductive path. The presence of several thin layers of a

shield provide more shielding than one thick layer.

At high frequencies the wavelength of an electromagnetic signal becomes small.
If o wavelength is small enough to equal any physical dimensions of a shielding enclosure
or barrier, EM resonance may occur. This phenomenon may cause a very marked change
in the shielding characteristics of a material. This phenomenon, as well as others which
cause reflections or abnormal transmission characteristics in shielding materials, are

called geometric effects.

Part |l of this report is compiled as a handbook of shielding which is intended for
use by structural designers and engineers so that materials and geomeiry may be combined
efficiently into a structure or enclosure which could provide optimum shielding for the

least cost. The shielding handbook takes intu accoun! the best materials, construction



methods and configurations for protection against magnetic fields, electric fields, and
plane wave transmission,

Radiated Measurements:

Radiated measurements are defined as those dealing with the transmission of elec-
tromagnetic energy through a medium. In the language of those who measure the
shie’ding characteristics of materials, radiated measurements are made using equipment to
transmit and receive electromagnetic signals. Neither the transmitting element nor the
receiver sensor are in contact with the shielding barrier. This type of measurement is in
contrast with conducted measurements, involving direct contact with the materials being

tested for the purpose of measuring their electrical parameters.

For many years radiated measurements have been made to test electromagnetic
compatibility, measure SE, or to measure the frequency and power spectrum emanating
from a source. Most measurements were made in the frequency range from 10KHz to
1 GHz. Since the advent of radar and the more general use of microwave frequencies,
radiated measurements have included the frequency spectrum up to 10 GHz and sometimes
to aven higher frequencies, but very little work has been done to extend the range of
radiated measurements to frequencies below 10KHz. One limitation which has prevented
both downward and upward spread of measurements has been the lack of equipment to

make accurate measurements in these frequencies.

A requirement of this contract states that radiated SE measurements shall be made
on a number of building materials including concretes, steels, woods, nonferrous mate-

rials and others. The tests shail measure the attenuation of the magnetic fields from 10 Hz
to S0KHz.

Previously, measurement of magnetic field attenuation has been done using two
shielded loops, one loop acting as the radiator and the other as the sensor. In this manner
the driven loop is energized with a signal generator and the receiving loop is fed to a
field intensity meter or other low frequency receiver, The lowest measurable frequency
using this type of equipment is limited to about 10KHz, the lower limit of the super-
hcterodyne receivers.

The development of the variable-mu Magnetic Field Intensity Meter ( MFIM) by
The Electro-Mechanics Company has increased the capability of making radiated measure-
ments at frequencies below 10KHz. The EMCO Mode! 6640 MFIM was used for the



radiated tests performed on this contract. This instrument is capable of measuring time
varying magnetic fields from less than 10Hz up to 50KHz. The high sensitivity of the
instrument makes it capable of reading broadband signal intensities less than 10 mill; -

gammas ( equivalent to 10" Teslas or 1077 gauss) with a dynamic range of about 100db.

The variable-mu MFIM operates in the following manner. A coil wound through
an aperture in a ferrite rod of known incremental permeability acts as one element of a
tuned oscillator circuit. A change in the magnetic field intensity about the ferrite rod
changes the permeability of the rod, thereby changing the inductance of the coil. The
variation in the magnetic field is indicated by a proportional shift in the oscillator fre-
quency. A core and coil transducer in the inductance portion of a tuned circuit deter-
mines the oscillator frequency of the MFIM sensor. A servo control loop compensates for
changes in component characteristics caused by temperature effects and slow variations in
the earth's magnetic field. The compensation is provided by a voltage variable capacitor
in the sensor electronics. This capacitor is controlled by an integrator system whose upper
frequency response determines the lower frequency response of the entire system. An
illustrative block diagram is shown in Fig. 1. A steady magnetic field, H, does not
produce a shift in the sensor osciliator frequency because of the servo control. However,
a time varying field, AH, causes a frequency shift varying at the same rate of change as
the applied field. The magnitude of the frequency shift is proportional to the magnitude
of AH. The modulated sensor frequency, fg, is then mixed with a constant frequency, f; .
from the local oscillator. The difference frequency, f,, -~ fs = fr, is demodulated to
produce an analog voltage, V, which is proportional to the magnitude of AH and varies
at the same time rate. The above response occurs within the passband, 0.1Hz to S0KHz,

of the instrument,

The general arrangement for all radiated tests requires the use of a variable fre-
quency signal generator, a power amplifier, and a circular coil for the magnetic field
source, The MFIM measures the strength of the magnetic field produced by the source.
Measuring the attenuation of a barrier consists of determining the field intensity in an
area without the barrier in place and then measuring the field intensity with the barrier

or enclosure in position,

In order to develop techniques to make meaningful radiated measurements, a
number of tests were run. Several attenuation measurements were made to study the
effect of varying the spacing between the source and barrier, and the spacing between

the barrier and the sensoi. Another group of tests were designed to study the effect of
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the size of the barrier on the measured SE. Other tests were run to study the existence of
magnetic field reflection from conductive barriers. Tests which involved ferromagnetic
material enclosures were made to show variations in field intensities ot several different
sensor positions within the enclosure, The SE obtained from complete enclosures was

compared with that obtained for plane surface barriers.

Some meosurements were designed to study the effect of material thickness on its
shielding characteristic. Other tests were run to examine the shielding variations caused

by multilayered shielding materiols in adjacent or separated configurations.,

Erroneous SE measurements are likely to be made if there are metal obstacles in
the test area. Fig. 2 shows a test selup which was used to investigate the appcrent
shielding by metal obstacles. The ineasured SE of the wall with and without the obstacle
is shown in Fic. 3. A similar situation showing an apparent SE is illustroted in Figs. 4
and 5. The conclusion of these tests provided substantial evidence that SE measurements

must be made carefully to avoid errors which could be caused by objects in the test arec.

While making the radiated measurements, it became apparent thot only conductive
and ferromagnetic materiols displayed any significant degree of shielding in the 10Hz 1o
50 KHz ronge. A study wos made using several configurations of materials and equipment
in order to establish a reliable methoa of comparing S€ of variovs materials. The test
arrangements shown in Figs. 6, 7 and 8 illustrate the configuration of the source coil,
barrier and sensor for measuring SE on i-ft-square sheet samples, lcrger 4 ft by 8t sheets,
and cubical enclosures. The results of nearly all tests done on the plane surface or cheet

na congiaerec

tvoe barriers reveal that considerchle errer in the SE measurenients siarts in ihe upper fre-

QiU
quency range of the radiated measurements, usually in the 5KHz to 50 KHz ronge.

These errors prevent accurate SE data from being taken in the 10 KHz to 50 KHz
frequency range, although comparison between different materials measured in the same
manner show the shielding merits of cne material relotive to another, The test jigin
Fig. 6 wos useful in determining the effect of spacing between the source coil, barrier,
ond sensor. The greatest shielding was effected by placing the source coil and the sensor
as close as possible and on opposite sides of the barrier material. The apparent shielding
coused by the variations in spacing are shown in Figs., 9 oand 10. In the tests, the source
coil and sensor were seporated by 12 inches. The curves show the magnetic field SE
variation as the barrier is moved in 2-inch increments fion the sensor to the source coil,
The distances shown are measured from the center of the sensor. The size of the sensor

case limits the axial distonce to 2 inches. The barrier was not biought any closer than

7
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2 inches from the source coil becouse induced currents in the tarrier caused o gross change
in loading characteristics when the barrier was ploced closer than 2 inches to the coil. A
similor test which used two barriers, one fixed and the other movable, showed about the
same results gs using a single sheer except that slightly more SE was attoinable. Figs. 11
and 12 show the result with the fixed plate 2 inches from the source coil and 2 inches from

the sensor, respectively.

The curves in Fig. 13 show the variations of apparent SE caused by separating two
cluminum sheet barriers in two inch increments, In these tests, the source coil and sensor
were separated by a fixed distance of 12 inches and both plates were moved symmetrically
oway from the mid point betv.een the source coil and sensor. The results, which ore
similar to those shown in Figs. ¥ thrcugh 12, show the ircrease in SE as the barriers are

placed close to the source and sensor.,

In measuring the SE of conductive materials, it became apporent that the greatest
omount of shielding was caused by the regeneration of magnetic fields by the principle of
Llenz's Low. This indicates thot the SE of ¢ material is directly proportional to the con-
ductivity of the snaterial, esgecially for nonferrous materials. Several experiments were
set up to investigate the degree of tnis effect. Three "cage" type enclosures were wound
from different wire material on wooden frames. Each loop of wire closes on itself and does
not contact the odjacent loop. Shieiding tests were run with the plene of the 'oop per-
pendicular to the axis of the field and then with the plane of the loops parallel to the
field. These arrangements are shown in Fig. 14, The cages were made of copper, iron,
and Chromel "A" wire. These materials were chosen because they have different elec-
trizal resistances. lron has six times the resistance of coppe-, and Chromel "A" has about

60 times the resistance of copper. Curves of the attenuction versus frequency are shown
inFigs. 15, 16and 17.

A similar group of tests has been run on solid sheet enclosures having an open
side toword the source coil {see Part I, Fig. 45, pg. 123). The results indicate that the
cage of copper wire shields better than the open-front sheet enclosure. This discrepancy
is due partly to the higher broadband noise present during the measurement of the solid
sheet enclosure. The broadband noise level wos about 10 db higher, causing an overoll
upward shift in the flattened portion of the curves of Fig. 45. Since shielding is a
function of frequency, the shielding curves shkauld have a continued downward slope with
increoused frequency. Limitations of the test configuration in some of the measurements

cause an apparent flattening in the shielding effectiveness above g certain frequency.

17
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This data should not ke compared. A group of tests were tun on cubical enclusures resen.-
bling the wire coges, but which were made of sheets of material rother than wire stiips,

The opparent shiclding produced by these enclosures is shown in Figs. 16 and 19,

The shiclding that occurs in conductive nonferious enclosures seems to be homo-
geneous throughout the area. This is not tive of the shielded area within a ferromagnetic
enclosuic. The magnetic field distribution within a ferromagnetic enclosure con hove
wide variations of field intensity from one part of the enclosure to the next. A measure-
ment ol the ficld intensities ot vorious locations in o 4 ft cubical enclosure of wrought
iron show that the fields nea. the wells are oriented perpendicular to the wally and that
the tields within the enclosure are stiongest just bebiind the front wall of the enclesure
and just in front of the rear wall, Fig. 20 shows the variotion of the fields in several
locations of the enclosure. It is noteworthy to compare these measurements with the
maynetic field shadowgraphs of @ similariy shoped enciosure (see Fig. 2:). Two charac-
teristics of the MFIM measurements must be remembered in making the comparison. First,
the MFIM is sensitive only to fields along its axis and will nct respond to fields ot right
angles to the sensor axis. Second, the MFIM detects the normal weakening of the field
as the distance romi the sensor to the source coil increases. This change in intensity is
not as apparent in the magnetic field shadowgraphs. Some change in behavior accurs at
higher frequencies because the attenuation pattern at 1000H: iy slightly different from
that at 100Hz, In the 100Hz test, the No. 6 position shows the least attenuation, This
is followed by Position 1 which hos a slight reduction caused by the bending of v rield
lines neor the <ide of the enclesire. The maaimun viienuation rakes piace when the
sensor is placed in the No, 4 position, This is accountible 15 rhe high field distortion and
increased separation from the source coil at thi: poai. The distortion is visible in Fig. 21

although it is difficult to discern *hie ticld intensity in the shadowgraph,

The grophed rescle, ot attenuation versus frequency for varivus building materials

having significant shielding quatities are compiled in Pait [l of this report.
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Field Source

IS S AN
O 0 O N O

Sensor Positicns Shown in a Horizontal Section

Position DB Attenuation DB Attenuation
at 100Hz ot 1KHz
1 26 32
2 30 34
3 29 35
4 3?2 34
5 29 35
6 25 31
7 27 33
g 28 33
g 30 34
10 28 33

Fig. 20 Shielding Effectiveness at Various Positions within a
4 Foot Cubical, 3/8-Inch Anneaied Wiought lron Box
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Conducted Measurements:

Conducted measurements refer to those electrical measurements with the test
apparatus in contact with the material being tested. These tests are designed to measure
the electiical characteristics of a material. The values of the electrical parameters

give insigit into the electromagnetic shielding capabilities of the material.

Th-: results of conducted measurements give such parameters as the dielectric con-
stant, dielecriic loss factor, magnetic permeability, magnetic loss factor and conductivity

of materials,

Most building materials are in the class of nonconductors ¢ die'zactric materials.
They have no appreciable magnetic qualities; therefore, the only characteristic influenc-
ing their value us o shield are the dielectric constant and the dielectric loss factor. In
the case of a dielectric's electrical parameters, the higher values of dielectric constant
(or relative permittivity) cause o smaller amount of energy absorption and therefore less
shielding. Conversely, the materials having higher values of dielectric loss factor (or
loss tangent) show the greatest amount of shielding because this loss factor is indicative
of the power consumed in the medium. |t will be seen, however, that neither of these
values is ot a sufficient magnitude in most dielectiic materials to produce any significant
shielding ot frequencies below 100MHz. Shielding will increase by a factor of cne
million for a given material as the frequency increases from 1 KHz to 1 GHz provided that
the dielectric constant and dieiectric loss factor do not change significantly over these

frequencies, because SE is directly proportional to a change in the EM frequency.

A requirement of this contract is that conducted measurements te made for a
rumber of common building materials over the frequency range of 10Hz to 1 GHz, An
ottempt tc correlate values of SE calculated from these conducted measurements with

those obtained in the low frequency radiated measurements will also be shown,

The maierials selected for the conducted measurement program were those which
could be made homogeneous on a relatively small scale and which could be molded or
machined to fit in o holder for bridge measurements, A number of concrete, piaster,
brick, wooden and other materials which were adaptable to being made into samples were
chosen. The procedures for moking conducted measurements can not be corried out on
reinforced concrete, aluminum windows, steel windows, and large scale structurel masses,
except that the characteristics of the materials may be measured and these are involved in

colculating the SE of large-scale structural parts.
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The largest group of measurements were made on dielectric building materials and
were made with cupacitance bridges o1, as in the case u/ 1he VAF runge, measurements

were accomplished using slotted line techniques.
p S q

The frequency ranges covered end equipment used in moking the conducted tests

on the building material samples are given in Table 1.

A General Radio Model 1690A dielectric sample hoider was used to facilitate the
measurement of the building materiai samples. Samples prepared were 2 inches in diom-

eter and o more than 0,30 inches thick. Thin materials could be tested alone o1 stacked

in laminated form to approximate a 1/4-inch thick sample.

The test setup for making bridge measurements is shown in Fig. 22. The procedure

for determining dielectric constants and dissipation fectors are as follows. Viith the test
sample in the sample holder, the conductance (/), ) and capacitance { (', ) adjustments of
the bridge are tuned for a null, ond diai settings are recorded. The sample thickness (¢, )
is also recorded, Next, the test sample is removed fiom the sample holder, and the bridge
is again nulled by readjustment of the conductance knob to (", and the micrometer thick -
ness adjustment to ¢,. These values are recorded. A reference chart for 2-inch diameter
test samples, furnished with the sample holder, gives values of the geometric cir capaci-
tance of electiodes ( Ca, ) from t; and the geometric oir capacitance of electrodes ( Cay)

from ¢;. The capacitance of the test sample is calculated from the formula

Cl = (‘A2 + .‘\(‘Az - 'XCA" (])
where C, = equivalent series capocitance of the sample,
A CAI = correction factor for setting & (trom chart), and
+Ca, = correction facter for setting ¢; ( from chort).

Next, the dielectric constant, ¢, is calculated From

r - . (2)
{
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[ ]
The dissipation factor, ¢/, is calculated by the equation
Cy
s AP - D) —— 3)
e (
where D, = conductonce with test sumple in holder,

n, = conductance with test sample removed from holder, and

¢, = total capacity in circuit ( this value does not change for
the sample in or out ot the holder because capacitor plate
separation has compensated the change in dielectric

constant ).

Oace the dielectric constant and dissipation factor are determined, the amount of shield-

ing due to energy absorption in a medium may be calculated from the equation below .

Attenvotion = 20 log, exp /2

Fo and (4)

wheie B = ———

e’
r ‘0

r « thickness of material, meters.

In rationalized mks units, attenvotion on a per meter thickness basis may be calculated

using the values of

€, = B854 =~ 10-!% farads-meter

Fg = 4n » 1077 henries/meter,

Extrocting the constants for the equation above, it may be simplified to
fe
B = 1.048 » W& ——m . (5)
vl
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Then
Artenvotion = B 686 /7, decibels,

o
Attenuation = 9.102 = 10°% — | decibels. (6)

Vo
Removing the vaiiables fiom the shielding equation shows that SE is o direct function of
the frequency of the electromagnetic signal and dielectiic loss factor, The SE iy un inverse
tunction of the square root of the dielectiic constant. Futhermaie, the frequency of the
electromagnetic wave passir g thiough u dielectric mediom must be ot lecst obove 10 o
100 MHz be ‘ore the St increuse: above 1 db per meter thickness with the magnitude of di-
electric constants and loss tangents thot ore naimelly encountered. The extremely small
ottenuction obtoinable at frequencics below S50 KHz was verified in the radiated measure-

ments when no measurable hielding could be recerded,

Generally speaking, materials such as concrete, stone, tile, glass, rock, brick,
lumber, papers, piastics. asbestos and fiterglass will not offer signiticont shieiding { less
than 1db attenuation) at fiequencies below 1MHz, This is assuming the thickness of the
materials used i, typical for standaid building practices, such as biick and wooden walls

much less than one meter thick.

The electrical parameters of motetials are likely to vary by several ciders of mag-
nitude when exposed ‘o large ~honges of meisture cnd the maisture conte ! ¢f niany matonichs
may be a function of the ambient temperature. An increase in moisture Zontent was shown
to increase the dielectiic constant of moet matericle, Sych an incicase by ihell waould
tend to make the material shield less than normal, Lot the inciease in moisture content alse
couses on increase in the dielectiic loss factor. This change increases th: St enough to
more than offset any SE decreose caused by an elevated value of the dielectiic constont
because SE is ditectly propoitional to the dielectric loss factor but inversely proportional
to the square oot of the dielectric constant. Materials which are most significantly of-
fected by the high moisture envitonments are the concrete and masoniy materials, lumber

ond other porous materials. Very dense moterials which are impeivious to water are leost

likely to show changes in electiical parameters in moist envitonments.,

The conductive and magnetic materials cic more difficolt to evaluote for SE be-
cause of the importance played on the geometry. Magnetic tield shielding which is due

1o the regeneration of fields in o conductive bartier is proportional to the conductivity of
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the barrier. Thus, the factors involved aie the conductence of the material and the ma-
terial density . In the cose of elecniomagnetic waoves, the change in intiinsic impedonce of
one medium to the next will cause the reflection of an EM wave at the interface of the two
mediums. The nuomericol evaluation of a solution to Maawell's equations tor transverse EM
waves propagating th.ough space and strixing a shield will give o simplifed equation for

attenugtion,

4 = 3338 \,f,." . decibels mil thickness (

~J
~

which is based on copper.

A cording to J.R. Sodwio ("Shielding Nomograph, " Electionics, Vol 27, No. 2,

May 1954, p. 190), other materials requite @ conection factor.

!.-" 1.7 2 4

7

v K

L = 4 (8)

where A s the resistivity of the metal in micio-chm-centimeters ard ;i it the relative
pe:meability of the metal. For metals other thon those classed as ferromagnetic metsls,
p =1, This equation, however, is valid only for electiomagnetic waves ang would not
hold true for magnetic tield or near field phenomena.

Cim
il

— - e
[ CR

o b~ . Sl b -
(LSRRI A '

¢ shielding offered Ly u meiol barrier is so dependent en contig-
viation and distribution of material in the barrier, it is mose useful 10 compare the relative
merits of different materials in the same distiibution. For excmple, the SE offered by o
cubical enclosure of 18-mesh copper scieen should be compared with enclosures of the
scme size, shape and mesh of ciuminum scieen and galvonized iron screen. Sedaio's
equation indicates that an increase in relotive permeabiiity will increase shielding. This
is true when considering EM plone waves, but it iy not the case when considering maa-
netic field shielding since the presence of ¢ hiigh mu mcterial can increcse the field ¢t o
poirt if the point is at an induced magnetic pole. A high mu material surrounding a
region can lessen the field intensity at that region, The merits of building materiols used

as shields are shown in the tebles of conducted measurements in Fart Il of this report,
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Magnetic Field Pattern Shadowgraphs:

It is difficult to predict the magnetic field distribution about an enclosure or bor-
ricr of a terromagnetic substance. This problem arises from the fact that the magnetic field
direction and distribution may not follow the behavior of a steady state field. Magnetic

ficld propagation through a ferromagnetic substance could be slow enough to show a stand-

Ing wave pattern H the barrler 15 large und the frequency of the magnetie Held s high,

The classical method of making magnetic field patterns has been to place a perma-
nent magnet beneath a thin, flat, nonmagnetic material and then to sprinkle iron filings
on the flot cover,  Other experiments have involved the use of magnetic materlals sus-

pended in a liquid in order to get o three dimensional pattern,

In an attempt to make a magnetic fieid pattern from low frequency alternating
current fields, an apparatus was built to simulate ihe magnetic fields about a flat circular
coil, A heavy wire (AWG No, 6) was wound as the secondary of a toroidal tiansformer,
Three turns of this heavy wire formed the 6-inch diameter secondary coil (see Fig.23 ).
By exciting the primary of the transformer with 60Hz line current supply, a magnetic
field produced by about 2,000 ampere turns will be generated about the coil. Finely
divided particles of iron are shaken on to a platform which forms a horizontal plane in the
center of the coil, With the power on, these particles align along the field vector and
present a picture of the field distribution in this plane. After the pattern is formed, the
current is shut off and the particles are not disturbed, A photosensitive paper, previously
placed on the platform and now under the particles, is exposed with a point source light.

Development of the paper reveals the pattern of the field as a shadowgraph.

The shadowgraph presents a display of the direction of the magnetic fields and,
with the presence of a model enclosure of o ferromagnetic material, the field distortion
caused by the model can be seen. The absolute magnitude of the field intensity is not
available from the shadowgraph although the relative strength of the field distribution is
shown, In the areas of highest magnetic field strength, the particle rows are widely
separated, Because of the presence of large magnetic forces, some areas may be com- -
pletely void of particles. This is especially noticeable in the vicinity of the conducﬁng

coil.’ Areas of least field concentration show the particles in a nearly random distribution,

For the tests on this project, two frequencies were used. The first tests were made

at 60Hz and the field generated wos about 2,000 ampere turns. A second convenient

power frequency of 400Hz, supplied by o motor generator, was used. The transformer
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Secondary Winding
Platform —— -~

Model
Enciosure

Photosensitive
Paper

Primary Power

Toroidal Transformer

Fig., 23 Device for Graphical Hlustration of
Magnetic Field Paths and Distortion
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inductance caused an increase in reactance at the higher frequency and this factor, along
with a reduced voltage supply, provided only about 600 ampere turns. This waos still
enough to produce magnetic field shadowgraphs within a <mall area about the coil. Neo
atiempt was made to produce magnetic field patterns at higher frequencies because special

equipment would be required to supply the high power necessary for the magnetic tield.

A variety of samples of powdered and granular magnetic materials were used to
incke the patterns. A number of magnetic matericl sampies supplied by Engineering [xperi-
ment Station at Georgia Institute of Technology veere tested for the quality of pattern
which each makes. Particle size varied from the exticinel, fine (4 micron) carbonyl iron
particles to the largest flat scaly variety of magnetic iron oxide colled mill scole. The
most satisfactory results came from samples of well graded spherical particles about 50 mi-
crons in diameter. These particles have freedom of movement and do not tend to stick to
the surface of the paper as do the smaller particles. The large porticles such as mill scale

do not make smooth shodowgrarhs and are difficult 1o move about in the magnetic fields.

The size graded 50 micron spherical particles are made of o material having o low
coercive force. In this material, the magnetic domains can easily change with the alter-
nating field; particles tend to olign and form low reluctance paths. The magnetic force on
a line of particles is much like the force tending tc close o mognetic relay. Becouse of
the ideal mobility and magnetic characteristics, the 50 micron spherical particles were
used to make the mognetic shodowgraphs., Maost satisfactory results were obtained with
powdered iron monufactured by the American Photocopy Equipment Company and used as

a toner carrier in their APECO electrostatic dupli  ~-s. A second choice material of

similar particle size is Grode B-210 powdered ira+ munutactured by The Giidden Company,

Metals Division, Boltimore, Maryland. These purricles are raugh shaped and therefore do
not have the mobility of the APECO material,

To show the similarity of the calculated field about o circular ccil and the

megsured field, the two were compaied.

The field ot a point in space arourd o circular coil immersed in @ homogenecus
isotropic medium has been caiculated under the assumptions that the resulting field is

symmetiical abaut the coil's axis . nd that the coil is constructed of ¢ filament. From a

practical polt of vieve the dimensions of the coil's wires must be small compared to the
diagmeter 0/ + . ¢oil. Since the coil is symmetrical about the axis, only two coordinates
are necessary; herce the formula is presented in terms of rectangular cocidinaltes for the

field ina pfane.
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Fig. 24 Field Vector Diagram

The diagrarm, fig. 24 , explains the sense of the notation. Mathematicol expres-

sions for B, and B, in terms of r and 2 were used to calculate the component vectors B,

cend B, . The resultont vector B was computed from

ir,2)

Bisy = J B?+BZ. (%)

’ z

balal

To generalize the results to any coil the coordinates r and 2 were expressad in tenths of

aradius. The formulos {MKS System) used were;

-

By - ! ! ?
23a  [(1 + )% 4+ 37|%
w2 ;
rJ‘ a0 .\ (1..p23_ 32y . J’"’[]-k’!inztllhd(?} (10)
LO [V - k2 sin2 g% {r-1)2 4 a2 ° J
i
' N7t 3 1
| H, = (=)
2va T (01 4 )2y g2j%
|
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G

Pre—

! o

[_ 72 de 1+ £ 4 32 ne2
i-J' v e f [1-k24in?0]% g0 {(11)
L7 [V -k2sin? o)™ (r~12, 22 °
4r
k? = ee——— . (12)
(r s 112 4+ 22

These equations reducc tn

. M (13)
2a
B, - L .» (14)
2a
B, . = o Jgriar (15)
’ 2a
where ¢ ond A are geometrical factors, By absorbing » into ¢ and 4 at (0,0)
g = laond £ = 0 ot (0,0).
B, ., = M J9? « A7 holds for all coils ond offers the advantages of not hoving to
2a

consider current mugnitude, number of turns, or radius of a porticulor coil. Hence

Vg2 + A2 con be used to reduce computational labor for many different <oils.
A graph was plotted of Vg? + A2 for varioys values of » and 2.
txample:

Ccleulate the field ot 5 =

*

0.6 radius ond r = 1.2 radii
r = 1,2and 5 = 0.8.
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A .) Evaluate the following integrals using tuoulated elliptical integrals:

d0

[1-4k2sin%8)™»

and

Ifr/?
4]

nw/d n .
J‘ 11-4k%sin? @1% d0, foi each k2.
°

It was found: that for 4?2 = 412) = 0.876 (16)
(1.2 + N2 ,{0.8)?
Inv: d9 = 2.4773 (17)
° 11 - k% yvin29 )%
9/2
[[7 -k sinter o - 112385 (18)
B.) Evaluoting ¢
2 _ 082
g - 1 2.477 1 - (1.2) 0.8 ‘.‘2‘—1 (19)
P01+ 1.2)2 . 0.87)% (1.2 - 124 0.82 B
[\"’ PR NN
g = 0.0941 B, « (0.094). (20)
2a

C.) Evalucting A

A - ] .08 [-2.477
el(141.2)7 4 0.82]% 1.2

A = 0.237

B, = N—, (0.237) -
2a
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(12

1+ (1.2)2+ 0.8° .
- 1H* 4082

1.124](2])

(22)




D.) Evaluating B

[r. 2}

Ny < T Vi ,
Biviosy = T Wol o A% - £0.255) . (24)
2a 2a

Frem the resuits of the tabulated caiculations graphs were plotted. One of the
graphs (Fig. 25 ) was plotted to show the vector direction only; the magnitude has been
omitted, The graph of magnetic field vectors may be used as an overlay over the mog-
netic field shadowgraph of Fig. 26 showing the 60Hz field generated cbout a circular
loop. A photo comparison (Fig, 27 1 of the twa figures shaws good vector direction
similarity. The calculated plot was drawn te a large scalv and photographically reduced

to the same size of the shadowgraph,

Slight irregularities may be found in the region of the coil, These are attributed
to the following reasons: 1) The calculations were made under the assumpticn that the
coil is constructed of o filament of dimensionle.s cross section rather than the heavy wire
actually used, 21 The large magnetic forces in the region of the conductors pu!ls many

of the iron particles townrd the conducter ond somctimes the putin indicated by the chain

of particles is slightly distorted in these regions ot the most intense magnetic field,

Skadowgraphs of magnetic field distribution were made about enclosures of
several geometric patterns, The first patterns used extremely thin—walied models, These
did not prove very useful pecause little could be seen about the field near the surfoce of
the enclosure., Further experiments used models having half~inch thick walls, With
these modeis, little could be seen of the interior distribution of fields, The best field
patterns were made using a model having ¢ wall thickness of about 1/8-inch thick,
Shadowgraphs from these patterns ciearly show the field distribution inside and outside
the mode) enclosure. The field pattern of Figs. 28, 29, 30, 3%, 32, 33

and 34 show

!

the magnetic field distribution about some simple geometric shapes.

A series of shadowgraphs were made to show magnetic ficld bekavior about

various joints in ferromagnetic marerials. First, a shadowgraph was made about o
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Field Vectors Caleulated by Elliptical Integrals

Fig. 25
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Fia. 27 Plo® of Calculated Field Distribution Printed over
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continuous circular enclosure (Fig. 35). Next, the enclosure was cut in half and the
two sections butted together, As shown in Fig, 36, the shadowgraph of the fields about
the butted halves shows considerable magnetic leakage ocross the high reluctance mag-
retic paths, The circular enclosure was again weldad together, One side was welded
with steel and the other side was brazed, The shadowgraph of the rejoined halves,

Fig. 37, shows good magnetic continuity through the steel welded joint, but pcor mag-
netic continuity through the brazed joint. This demonstrates the need for magnetic con-
tinuity when materials are joined in a shielding enclosure for low frequency magnetic
fields. If only frequencies above 100 KHz are of irterest in shielding problems, or if
electric fields are the only concern, then the conductive rather than magnetic continuity

of joined metal sactions would be important,

The use of magnetic field shadowgraphs is helpful in analyzing the behavior of
magnetic fields about ferremagnetic objects or enclosures, The patterns do not give an
absolute intensity of the fields at a certain point from a source, but they can act as a
relative field strength indicator for various points about a magnetic field source, The
most important use of the magnetic shadowgraphs is their ability to show the vector
direction of a magnetic field in the vicinity of a ferromagnetic object or barrier, Further
development of equipment will aid in showing the behaviors of magnetic fields at much

higher frequencies. Present limitations are the generation of high frequency fields of

very high intensity,

Effect: of Geometry and Construction Methods:

Having knowledge of the shielding properties of building matericls only pcrfiolfy
solves the problem of constructing a sound economical enclosure, Proper construction

practices and good design can greatly influence the SE of an enclosure.

An enclosure that is to keeo low frequency magnetic fields from either entering
or exiting must be constructed of 3 ferromagnetic material. Unless a superconductive
shield is considered, the most conductive materials available do not lend themselves to
significant magnetic field shielding at frequencies below 100Hz, Since shielding by a
material of high magnetic permeability is a function of the total mass of material, this
type of shield must be bulkier than shields for high frequencies. The ferromagnetic
material may be an effective shield even with large openings in the barrier. For example,
an enclosure of a heavy gauge expanded steel which has openings 4 inches long but

which weighs 4 pounds per square foot makes a better magnetic shield than a light gauge
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expanded steel having openings only 3/4 inch long und weighing about 1,2 pound per
square foot, see Fiy. 38. If the enclosure were also required to shield electromagnetic
signals in the UHF region of the spectrum, light weight materials wwould provide more
shielding than the heavy material because of the wave guide effect caused by the open-
ings in the mate-ial, The large cpening material "leaks" more UHF signals and has a
lower cutoff frequency thar the moterial having smaller openings. Tests on large enclo-
sures of a material offer more shielding against low frequency magnetic fields than a small
enclosure. The variations in SE at frequ.ies below 1KHz are mosr likely due to the
presence of more ferromagnetic material in the larger enclosure. A* higher frequencies
(above 1KHz), a large enclosure may show less appurent shielding than a small enclusure.
This could be explained two ways. First, the path of the loop for induced currents is
larger on a larger enclosure. This path must have a higher resistance than a small path
thus causing less field cancellation by the Lenz's Law effect. Secondly, if the separation
between two parallel, conductive walls in a room is some multiple of a half wavelength
of an electromagnetic wave, the intensity of a *gnal of this frequency could show up
stronger inside the enclosure becaur~ of a cavity resonance reinforcement. This could
make the signal inside the shield stronger than the signal outside the "shielded" area.
Because signal leakage through openings, noles, etc., is so prevalent at UHF, the
construction of an efficient shield to block pussage of these waves must be restricted to
solid materials. The popular screen rooms made of coppe’ wire screen become poor EM
shields at frequencies above 1 GHz. When it is necessary to have a window o1 air passage
in a high frequency shield, elaborate traps must be built which will allow a flow of air

but block passage of electromagnetic waves.

Nearly all cases of shielcing are best accompli:hed by the use ot several layers
of a shielding material rather than one larger layer. Some manufacturers of magiretic
shields sandwich layers of ferromagnetic materials having different magnetic character-
istics. Outer layers of the barrier are made of a medium per~eability material which will
take a large magnetizina force before saturating. The inner lcyers are made of materials
hoving very high permeabilities but which saturate much more readily. The combined
materials in an enclosure form a berrier which lessens the penetration of magnetic fields

in an efficient manner.

The use of multilayered materials in a shield was also shown to be better than a
thicker, single layered enclosure. Two and three layers of aluminum foil make a better

shield if the layers are separated by a nonconductive medium. Other tests showed that
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doubling the thickness of a material did not doubie the shielding effectiveness of an
enclosure. Since alternating currents by nature tend to flow on the surface of an elec-
tiical conductor, a barrier of several conductive layers will have less impedance to
in.luced currents than ¢ barrier of a single thick conductive layer. Much of the shielding
of low frequency magnetic fields is generated by induced currents in conductive shields;

therefore, the multilayered barriers offer more shielding than a single layered barrier.

When electromagnetic plane waves travel through a shielding barrier, the
reflection at the surface of the barrier is associated with the change in intrinsic imped-
ance across the barrier, The greatest amount of shielding will occur when an EM wave

traverses several changes of intrinsic impedance. Again, a multilayered configuration

offers the best shieiding.

The effectiveness of shields for low frequency magnetic fields may be signifi-
cantly influenced by the shape of the enclosure. |f the direction of the interfering

signai is known, the best shields take the form of an ellipsoid or similar streamlined

model, For protection from all directions, a spherical enclosure is the best design, How~ .

ever, the cost of making a spherical enclosure may not be considered worth its high price
if it is compared with a slightly less effective but much less expensive enclosure having a

cubical or other flat sided shape.

In cases where reinforcing steel or structural steel is used to the advantage of
chielding, it is important that conductive and magnetic paths be complete around the
entire enclosure. Little good is accomplished by having one wall in an enclosure of a
good shielding material and the rest of the materials having poor shielding quality. This
means that reinforcing stee: set vertically in ¢ wall must have horizontal members
attached to form a lattice in order to effect any measurable SE. It is also necessory that

the metal in one wall be attached to the metal in adjacent walls, roof and floor.

As discussed in the section on radiated measurements, much apparent shielding
is brought abei't by the regeneration of magnetic fields produced by an incident, time
varying f.eld \hat impinges on a conductive plane perpendicular to the incident fi:ld.

It the loops for regenerated currents and fields do not exist in the walls, floors and ceil-
ings of an enclosure, there will be no closed loops in which currents may be developed
for a field regeneration type of shielding, nor will there be the proper magnetic paths

to shunt low frequency magnetic fields around an enclosure,
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This study has been concentrated on the investigation of the SE of building
materials, The accentuation was on finding the most efficient shields among "standard"
materials rather than some of the more elaborate and certainly very expensive types of
shielding materials, The cost of installing a shielded room which greatly attenuates low
frequency magretic fields is often prohibitively high if the area to be shielded is larger
than a few cubic feet. The price of installation for the exotic material shield can easily
cost over 5100 per square foot of floor space. Sometimes a minimal amount of shielding
may be satisfactory in preventing degrading interference. Metallic materials, ferro-
magnetic and conductive, without question have the best shielding properties for mag-
netic, electric, and electromagnetic fields, A structure of corrugated, galvanized
steel can be made into a useful shield if all sheets of the material are carefully bonded,

and if joints betweer adjacent walls and the roof are also electrically bonded.

During the measurement progress it was found that expanded steel materials
provided the proper magnetic and electrical continuity for a good shield, This material
also is well adapted for use in reinforced concrete walls, floors and roof as a substitute
for reinforcing steel. The expanded steel has an advantage over reinforcing bar steel in
that the expanded metal does not require welding at each cross point to make a reason-
ably good shield, The necessity remains, however, for welding all sheets to adjacent

ones and to weld corner seams where wall, roofs and floors join,

If the substitution of bar type reinforcing steel is not econcinically feasible, a
smaller expanded steel called plaster lath can be used for shielding. This thinner
material has less SE against magnetic fields below 1 KHz, but since the plaster lath has
smaller spenings in the material, it will shield to a higher frequency than the heavier

expanded steel.,

Material Selection for Shielding:

The materials from which structures are built are primarily determined by avail-
akbility at the site of construction, The lumber materials used in the northwestern part of
the United States are not the same as those used in the southeastern United States, Most
probably both of these are considerably different from the viooden materials used in the
Far East and Pacific, There are some materials such as concrete, corrugated iron, and
asbestos shingles which (because of modern logistic advances), are available practically

anywhere in the world,
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Whatever materials are avaoilable, the choice must be made as to which will be
used, The choice of materials must be made giving consideration to the type of shielding
which is necessary ot a particular location, |If q building is to house communication
equipment and this building is near a powerful radar installation, the interfering fre-
quency of paramount importance may be expected in the radar frequency ranges. There-
fore, the shielding should be one which protects against very high frequency electro-
magnetic waves rather than low frequency magnetic fields, Conversely, a shield to
protect from low frequency magnetic fields should have a large mass of material having

a high magnetic permeability rather than being a thin, highly conductive material,

As has been previously discussed, the type and frequency of the fields and waves
causing interference define the material characteristics required for an optimum :hield,
The high magnetic permeability of ferrous materials make them the best kind to use to
shunt magnetic fields away from a desired area. When the shields must protect an area "

from high and low frequencies, it is necessary to combine both types of materials to effect

a satisfactory shield,

When analyzing the type of shielding necessary in a certain installation, the
properties of materials which vary the shielding characteristic should also be studied.
The three main characteristics are: 1) the magnetic permeability, 2) the electrical

permittivity, and 3) the electrical conductivity of the material,

Ferromagnetic materials can be divided into two main categories: First, there
are those materials which have medium permeability, but which do not saturate until a
high magnetic inducticn level is reached, This type of shielding is best for locations of
high level magnetic fields. A second type of ferromagnetic material is one which
saturates at a relatively low level of magnetic induction, but which has an extremely
high magnetic permeability, This type of material makes the best magnetic shield in an
environment where high levels of magnetic shielding are required, but where the mag-
netic field intensities are well below the saturation level of the material. Since both
favorable characteristics do not occur in the same material, the combination of materials
can be used effectively to provide a good shield, The Perfection Mica Company is one
organization which claims to make an effective magnetic shield by using prefabricated
panels containing alternate layars of "Netic" and "CoNetic" which have the desiruble

characterization previously described.
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Dielectric materials exhibit a characteristic called electrical permittivity. The
relative permittivity (compared with the permittivity of a vacuum) can effect the energy
absorption of a wave traveling through the medium, A high permittivity allows the
greatest penetration of EM energy, but an associated characteristic called the dielectric
loss factor or loss tangent influences the shielding in an opposite manner, that is, the
greater the loss tangent, the more EM energy is absorbed as it travels through a dielectric
medium. In general, the shielding caused by energy absorption in a dielectric medium is
very small. The shieiding is a direct function of frequency and does not become significant

until the frequency of an EM v.ave goes above several hundred megacycles.

The third characteristic, electrical conductance or its recriprocoal, resisfcnce,f-i;
very fgr reaching in determining shielding at frequencies above several hundred cycles.
Lenz's Law states that a time varying magnetic field which intersects a conductive
medium induces a voltage in that medium which causes a current to flow in a direction
that will generate a magnetic field tending to cancel the incident field. |f the conduc-
tive medium were a super conductor, the field cancellation would be complete at any
frequency. However, nearly all materials have considerable resistance and so shielding
does not become significant until the frequency rises above several hundred cycles per
second, The voltage induced is a function of frequency and therefore higher frequencies

of the same magnetic intensity induce higher voltages in a conductor,

When the frequencies increase eriough to be considered electric waves, shielding
is effected because electrical fields are greatly reduced in conductive mediums, The
permittivity of an electrical conductor is not defined and, therefore, the SE in a conduc-
tive nonmmagnetic medium is difficult to oredict other than for those losses which are

caused by pure resistance,

From the measurements made on dielectric materials, it may be concluded that no
ordinary dielectric material causes any significant shielding at frequencies below
100MHz, Certain dielectrics which have ferromagnetic properties may perform as mag-
netic ficld shiolds, Thosu materials (ferrites) are not considered as building materials,
Their effectiveness as a shield is usually confined to UHF and microwave frequencies

because of their useful property of absorbing high frequency radiation rather than re-

flecting it as does a conductive shield,

Some environmental effe:ts on shielding characteristics are not pronounced. Vr:y

little change occurs in the electrical characteristics when materials are expesed to the
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temperature ranges normally encountered. Magnetic materials can lose their mognetic
characteristics when exposed to elevated temperatures. For some materials, the high
temperature limit (the Curie Point) can be reached without difficulty in hot climates.
Although such sensitive materials are a minority group, the ambient temperatures a shield

will reach should be carefully considered if temperature sensitive materials are used.

Moisture content of a dielectric material will cause a change in its shielding
characteristics, An increase in moisture content nearly always causes an increase in both
dielectric constant and dielectric loss factor, As previously stated, the increase in
dielectric constant tends to decrease the shielding effectiveness of a material, but the
increase in SE due to the increased dielectric loss factors usually overshadow the decrease
in SE due to increased dielectric constant, Those materials which show the greatest
change in electrical characteristics in moist environments are most frequently those
materials which are very porous, Cement, mortar, and bricks show more change with
moisture variations than denser materials which are more impervious to water, Similarly,
porous lightweight wooden materials are more affected by increased moisture than a dense,
less porous wood, As could be expected, plastics and other materials that are virtually

nonporous show little or no change when exposed to a high moisture environment,

The analysis of moisture sensitivit, also gives insight to the effect that aging has
on some materiols, Although insufficient time was available to show the effect of aging
on the electrical parameters of materiols, it may be assumed that those materials which
increace porosity with age are more likely to be effected by changes in environmental
moisture, Conversely, those materials which change their structure minimally with age
will show the least change in electrical characteristics, especially in varying moisture

envirenments,
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HANDBOOK OF SHIELDING
PART 11

introduction:

This handbook of shielding has been compiled to assist building design architects
and engineers. The handbook section is divided into three main groups. The radiated
measurement section contains a group of graphs which show the measured magnetic field
attenuation for a variety of building materials, This selection of materials is a cross-
section of those which have shown measurable shielding characteristics for magnetic fields
in the 10Hz to 50 KHz range, Since the geometry of a building can measurably influence
its shielding characteristics, the values of shielding for any material shown in the graphs
should be used only as a guide, as the same material in different configurations will show
different.degrees of shielding. Those materials classed as dielectrics which do not show

a measurable shielding effectiveness in the 10Hz to 50 KHz range were not graphed,

The graphs presented in this section are plots of shielding effectiveness (magnetic
field attenuation) versus frequency. Those graphs that describe the material as being in
"sheets" do not show as much shielding as would have been obtained by measuring SE of
enclosures of the same material, but the graphs do give an indication of the relative
merits of several thicknesses of material. The accuracy of the measured SE falls off as

the curves flatten out at the high frequency end of the curves.

The data from radiated measurements has been grouped by the type of material
measured, Under each type of inaterial, curves are presented for different structural

forms such as solid sheet, screens, frames, etc,

In some cases, a diagram explaining the measurement configuration has been
included immediately okead of the data which it concerns, The attenuation curves for
the various metals strongly indicates that the rate of increase of shielding with frequency
is proportionate to the electrical conductivity of the material, In cases where ferrous
materials exhibit shielding at low frequencies, the shielding is nearly always proportional

to the volume of the material in the shield,

Conducted measurements are compiled immediately following the radiated
measurement graphs, The first table lists the resistivities of conductive materials com-

pared with copper as a standard of 1,00, The electrical conductivity or its reciprocal,
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resistivity of a nonmagnetic building material gives more indication of its shielding

ability for low frequency fields than any other porameter.

The tables of results of conducted measurements on dielectric materials show the
dielectric constant, dielectric loss factor, and the calculated SE caused by absory-rion of
electromagnetic energy within the substance. The dielectric material conducted tests
are presented for a variety of the most common building materials. Calculations of the
SE have been made for 4 frequencies in each table. These frequencies are 100UHz, 1KHz,
IMHz, and 1GHz. !i con be seen from these tables that very little shielding is offered

by dielectric materials at frequencies below 1GHz.

Although the SE produced by dieleciric materials is slight, the tables can be help-

ful in'showing the best dielectric shielding materials for frequencies above 1GHz.

Severul of the dielectric mecsurements at 10Hz and 50Hz have been omitted.
These measurements resulted in very broad nulls on the capacitor bridge because of the
very high output impedance to the null indicator at these frequencies. The use of a field
effect transistor source follower amplifier helped overcome the bridge loading in some
cases, but with high dielectric factors and loss tangents the instrumentation capability
was limited. The double dash (-=) in the columns of some of the Results of Conducted

Measurements indicate those measurements which resulted in broad nulls.

Samples listed as moist were exposed to a saturated atmosphere for 1 day prior to
measurement. Dried somples were baked at 140°F for approximately 20 hours prior o
measurement, Due to their hygroscopic nature, some of the conducted test samples began
to absorb moisture rapidly after they vrere placed in the somple holder. The parameters of
oven-dried samples were not measured above 100 MHz for two reasons. First, the samples
absorb water vapor from the otmosphere quite rapidly. At the higher frequencies, the
change in moisture content was rapid enough to make bridge balancing difficult because
of the changing parameters. Also, it was found that a material's electrical parameters
under real life conditions are equivalent to those of the material exposed to moisture. The
higher moisture content usually gives the best shielding so the parameters of the dried

samples were not measured above 100MHz,

All samples of ~.ment, mortar, and concrete which were used in conducted mea-
surements are described by o cement-aggregate ratio. A 1/0 ratio means that only port-
land cement was used. A 1/1 ratio means that one part portland cement was mixed with -

one part sand. Although most concrete mixes are typically 1/2/3 where the third number
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represents the quantity of heavy aggregate, this type could not be used in making the
small samples for conducted measurements. Portland cement without aggregate is rarely
used in construction, but pure cement samples were prepared to show the electrical char-

acteristics of the hardened cement alone without influence of the aggregate.

Beeswax (both light and dark) are not considered to be building materials. They
are, however, often used with paper and tar materials to create a moisture barrier. For

this reason, these materials were included in the conducted measurements.
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Section 1

GENERAL CONCLUSIONS

The following list of conclusions is the result of the measurement study on the SE
of building materials, |

. 1. Low frequency magnetic fields are the most difficult and most expensive to
shield.,

2. Shielding of low frequency magnetic fields below 1 KHz is a phenomenon
dependent on the volume and magnetic permeability of material. Shielding of low fre-
quency magnetic fields is accomplished by distortion of field lines away from the interior
of an enclosure. This type of shielding is in contrast to that caused by field regeneration

in a conductive medium, or wave absorption within the medium.

3. Streamlining a magnetic shield along the incident field path decreases the
field concentration at the interior of the shield.

4, Magnetic field frequencies above 1KHz can effectively be impeded by a

barrier or enclosure having a high electrical conductivity.

5. The presence of conductive loops in a plane perpendicular to the field direc-
tion will produce the best shielding for frequencies above 1KHz.

6. The use of reinforcing steel in concrete structures will not offer much shield-

ing unless the bars are interconnected into a lattice network.

7. The combination of a good shielding material and a poor shielding material do
not give much more shielding than the good material alone. For example, the SE of

reinforced concrete at frequencies below 1 GHz is only a little better than the SE of the
reinforcing steel alone.

8. A combination of materials in a shield for magnetic fields from 10Hz to

50KHz never showed any greater shielding properties than the sum of the SE of the indi-
vidual materials. ’

9. Good magnetic continuity between reinforcing lattice members is required for
effective shielding below 1KHz.
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10. Low resistance electrical paths are nacessary between interconneciing mem-

bers of reinforcing rods for effective shielding above 1 KHz because most shielding above
1KHz is accomplished by field regeneration.

11. A complete enclosure makes a better shield than an enclosure which is open

on one side or rore (see Figs. 45, 46 and 47 of the following Section).

12, Several layers of thin conductive material which are separated by nonconduc-

tive layers make a better shield than a single layer heavier material.

13. Screen wire and hardware cloth enclosures make reasonably good shields
above 10 KHz but will begin to lose their shielding qualities in the ultra high frequency
range. This loss of shieldiing effectiveness is caused by leakage through openings in the

mesh. Leakage is higher for the larger opening mesh at any given frequency.

14. At on increase in structural cost, expanded steel sheets may be substitutad
for reinforcing steel rods in concrete. This form of steel, although costlier than steel
rods, is a more effective shield for low frequency magnetic fields. Exponded steel sheets

require less interconnecting welding than would be required in using steel rods.

15. Lighter weight steel lath may be used in a plaster wall or on the surface of
walls, ceilings and floors to enhance the shielding characteristics of a structure. The
thinner material lacks sufficient mass to be a good shield at frequencies below 1000Hz,

but the thin material is quite efficient at higher frequencies.

16. The presence of metal fixtures as furniture in an enclosure can cause apparent
shielding which is not homogeneous throughout the enclosure. This can give misleading

results when measuring shielding effectiveness of a building or room.,

17. Radiated measurements on ferromagnetic enclosures show a greater SE of the
enclosure when the field source is inside and the sensor outside than with the source out-
side and sensor inside. A field source which is fully enclosed completes a magnetic loop
much like a transformer core. This closed magnetic path confines the fields tc the en- |
closure:walls and the interior of the enclosure. The more complicated geometry which
exists when the field source is outside of the enclosure does not restrict the magnetic field

to a closed ferromagnetic circuit; therefore, less shielding is effected in the latter cose.

18. Radiated measurements on plane surface barriers (single walls) of conductive
materials indicate greater shielding properties against time varying magnetic fields when

the source or the sensor is close to the conductive barrier (see Fig. 10 of Part I, pg. 16).
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19. Materials which have a high electrical conductivity are good shields at fre-
quencies above 1 KHz,

20. The materials with the lowest resistance are the best shields. Copper and

Yuminum are better than stainless steel and Monel.

ai

21, Dielectric materials offer no significant shielding ot frequencies below

100 MHz.

22. The best shielding in dielectric materials is produced by a high dielectric
loss factor and o low dielectric constant.

23. Porous materials such as unglazed ceramics and lightweight wooden materials

are most likely to change their shielding characteristic with environmental changes in
moisture,
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Section 2

GRAPHED RESULTS CF RADIATED MEASUREMENTS
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Fig. 37 A Section of Expanded Metal Showing Measuied Dimensions
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Section 3

TABULATED RESULTS OF CONDUCTED MEASUREMENTS
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Table of Polative Resistivities of Several Metallic Building Materials

Using Copper as a Standard

Material Relative Resistivity
Copper 1.00
Alu.ninum 1.64
Magnesium 2.67
Zinc 3.36
Brass 3.65
Wrought lron 5.80
Tin 6.67
Cast lron 6.96
Permalioy 9.30
Mild Steel 11.6
Stainless Steel 404 16.8
Monel 27.8
Stainless Steel 304 30.6
Supermalloy 34.8
Mu Metal 36.0
Titanium 47.8
Nichrome 58.0
Chromel A 62.4

128



RESULTS OF CONDUCTED MEASUREMENTS

Dry Clay Brick

Frequency Dielectric Dissipation Shielding Effectiveness
(Hz) Constant Factor (db/meter)

10 -- --
50 -- -- -
100 2.8 0.139 7.56x 107
300 2.6 0.435 | '
! 1K 2.6 0.336 1.90 x 107

(8,
[
o

100
200
| 500

1G
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RESULTS OF CONDUCTED MEASUREMENTS

Moist Clay Brick

Frequency Dielectric Dissipation Shielding Effectiveness
{Hz) Constant Factor (db/meter)
10 - -
50 -- -
100 43. 4 0.611 8.44 x 10™
300 23.7 0.785
1K 1.3 0.826 2,24x 107
3 6.6 0.700
10 4.4 0.508
30 3.5 0.463
100 3.0 0.194
300
500
700
1M
3 High dissipation factor
5 prevented proper bridge
7 null
10
20
40
60 1.7 0.090
100 1.6 0.080
200 1.5 0.070
500 1.6 0.060
700 1.7 0.009
1G 1.6 0.008 .58
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RESULTS OF CONDUCTED MEASUREMENTS

Dry Concrete: 5 gal. water per 94 |b sack cement

Portland cement - aggregate ratio:

1/0

Frequency
(Hz)

Dielectric
Constant

Di

ssipation
Factor

Shielding Effectiveness
(db/meter)

10
50
100
300

10
20
40
60
100
200
500
700
1G

©O oo o o o o
p )

®

IA)

8.50 x 1077

1.23 x 107
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RESULTS OF COINDUCTED MEASUREMENTS

Moist Concrete: 5 gal. water per 94 Ib sack cement

Portland cement - aggregate ratio: 1/0

Frequency Dielectric Dissipation Shielding Effectiveness
(Hz) Constant Factor ( db/meter)
10 - --
50 - -
100 150. 4 0.579 4.3 x 1077
300 98.9 0.926
1K 41,2 0.894 1,27 x 107°
3 21.3 0.734
10 12,7 0.530
30 9.8 0.369
100 8.5 0.235
300 8.2 0.083
500 7.1 0.053
700 8.4 0.021
1M 7.9 0.009 6.59 x 107*
3 7.9 0.009
5 6.4 0.010
7 5.8 0.012
10 4.0 0.014
20 3.8 0.020
40 3.7 0.030
60 3.0 0.050
100 3.0 0.050
200 2.9 0.050
500 2.3 0.040
700 2.7 0.021
1G 2.6 0.010 0.5%
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RESULTS OF CONDUCTED MEASUREMENTS

Dry Concrete: 6.5 gal. water per 94 1b sack cement

Portland cement - aggregate rotio: 1/0

Frequency

(Hz)

Dielectric
Constant

Dissipation
Factor

Shielding Effectiveness
(db/meter)

10

50

100

300
1K

3

10

100
200
500
700
1G

OOOOOO.C)
N
(8,

3x 1077

1.02 x 107*
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RESULTS OF CONDUCTED MEASUREMENTS

Moist Concrete: 6.5 gal. water per 94 Ib sack cement
Portland cement - agagregate ratio: 1/0

Frequency Dielectric Dissipation Shielding Effectiveness
(Hz) Constant Factor (db/meter)
10 -- -
50 - -
100 11.3 0.378 3.26 x 1077
300 105.5 0.567
1K 61.6 0.757 8.81 x 10~
3 32.9 0.772
10 17.3 0.627
30 12.0 0.483
100 8.9 0.328 |
300 7.7 -
500 - -
700 15.1 0.0C4
M 10.5 0.005 1.40 x 10™*
3 8.6 0.006
5 8.5 0.005
7 7.9 0.009
10 7.6 0.010
20 7.3 0.020
40 7.2 0.035
60 3.3 0.091
100 2.9 0.09
200 2.8 0.09
500 2.8 0.08
700 2.8 0.05
1G 2.7 0.02 1.1}
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RESULTS OF CONDUCTED MEASUREMENTS

Dry Concrete: 8 gal. water per 94 1b sack cement

Portland cement - aggregate ratio: 1/0

Frequency Dielectric Dissipation Shielding Effectiveness
(Hz) Constant Factor { db/meter)

e cerd

10 -- --
50 . —— -
100 1.5 .328 g8.8x 10"
300 8.0
1K 6.2
3 5.4
10 4.8
30 4.5
100 4.3
300
500
700
M

310 1.13x 107

ham o —— e = e

O O O O O O O
]
(@]
O

10

100

O




RESULTS CF CCNDUCTLD MEASUREMENTS

Moist Conciete: 8 gal. water per 74 1b sack cement

Portland cement - aggregate ratio:r 1,0
Fiequency | Dielectric B Dissipation Shielding Effectiveness
(Hz) Constant Factor (db/meter)
_— _— T
10 - -- !
50 i .- -
100 ? 57.1 0.614 739107
300 33.2 0.91
1K 19.4 0.883 1.72x107°
| 3 15.8 0.743
t 10 $.5 0.535
30 7.4 0.369
100 6.1 0.224
300 5 5.6 0.013
500 | 5.8 0.008
700 i 5.1 0.009
Mo 5.4 0.010 3.92x 107"
3 | 5.4 | 0,010
5 ‘ 5.4 0.010
7 ' 5.2 0.015
10 5.8 0.016
20 5.6 0.029
40 5.5 0.040
60 3.7 0.00s
100 2.6 0.040
200 2.7 0.023
500 2.8 0,012
790 2.8 0.053
L 1G 2.3 0.090 5.4
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RESULTS CF CONDUCTED MEASUREMENTS

Dry Concrete Bloch {Featheriite)

— . e
Fiequency Dielectiic Dissipation Shielding Effectiveness
(Hz) : Constant Factor {db/meter)

|
!
T
50
100
300 |
1K
3
10
30
100
300

500
700 !

_-___04‘__?_

.498 1.55x 107°

341 1.33 x 107"

W W WA KO O
— W L oo O
O o0 » 0 0 o O

~

w

~J

O N U (W -

20
40
60

100

200

500

70U

16




RESULTS OF CONDUCTED MEASUREMENTS

Moist Concrete Block (Featherlite)

hreql;er1cy '—{ Dielectric ] C.ssipation Shielding Effectiveness
| (H2) } Conctant Factor (db/meter)
—— : T —

10 - - |

50 T o 7
l 100 36.9 0.616 9.23 x 10”
: 300 30.2 0.791
'_ 1K 13.2 0.816 2.04x 107"
i 3 8.6 0.70)

10 i 5.9 ! 0.466
‘ 30 4.7 I 0315
L o 4.9 0.202
P 300 4.7 0.1.7
500 | 4.6 0.090
L 700 4.5 0.09)
l I M 4.5 0.090 3.80x 107
3 i 4.4 0.092
' 5 ‘ 4.1 0.0¢

7 3.4 0.044

10 2.6 0.05

20 2.6 .05

40 2.5 0.06

60 1.7 0.09

100 1.6 0.08

200 1.5 0.07

500 1.6 0.06
' 700 1.7 i 0.06
| 16 1 1.6 | 0.08 B 5.76
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RESULTS OF CONDUCTED MEASUREAE NTS

Dielectric
Constant

Diy Natgral Stab Limestone

Dissipotion

Factor

10
50
100
300
(N
3
10
30
100
300
500
700
1M

o o

—_ N O

~J

o O O o O O O
w
n
~1

- *"‘* v ———

(du/meter)

)
7.04 x 10

S'hic(ding Effectiveness

]
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RESULTS OF COINDULTLD MEASUREAMINTS

Khoist Mlatural Stat Linmestone

. . ] e
LUty Cierecinie i Dissipation
! (Hz) Constant Factor
|
L0 -- --
50 -- --
| 100 245.3 0.98
i 300 215.8 0.884
! 1K 155.7 0.603
. 3 98.2 i 0.694
i 10 52.8 | 0.626
| 30 349 ! 0.546
i 100 i 23.5 0,402
; 300 : 17.9 0.032
500 : 17.¢8 0.0010
700 ; 4.2 0.0012
1M l 12.3 0.0015
: 3 g 11.8 ’ 0.0018
| 5 | 1i.8 0.0018
| 7 | 10.7 0.0019
: 10 | 9.4 0.0020
20 8.6 0.0020
g 40 6.7 0.0020
i 60 4.4 0.0020
100 4.3 0.0020
200 4.9 0.0010
500 4.0 0.0010
700 4.0 0.0019
1G 4.0 0.0016

Shielding Effectiveness
(db/meter)

_s
4.4 x 10

e
3.9x 10

0.046

27
5.7 x 10

ey
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Cielectiie

i
‘_!T -
|
|
|
l
1
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|
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Cunstant

' 10 ! -
b j .
| 100 ; 101
300 E 6.5
T 6.9
3 ' 0.2
: 10 s.C
: 30 5.5

.‘(}\.!Ql

(@2 ]

-

320
500
P70 '
3 ! Y !
1] - !
3
5 I
7
| .
i 14
' ; 20 i
; ' 49
60
i :
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S Yot ’
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i 500 i
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i
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RESULTS OF COMNDUCTED ALA SRS MERNT
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RESULTS OF CONDUCTED MEASUREMENTS

Noist Mortar: 5.5 gal. water per 94 1o sock cement

Portland cement - aggregate ratio: 1/1

![ Fiequency ' Cielectric Dissipaticn Shielding’Effectiveness 1
| {Hz) ; Constant Factor ( db/meter)
ir——-—— 7. —_— e g
: 10 | - --
7 50 '— - -
; 100 ; 33.5 .974 1.53 x 107 ¢
I 300 ! 27.5 0.654
; K| 195 0.706 1.46 x 107 °
3 i 15.9 G644
; 10 E 13 0.493
| 30 E 10.1 0.365
100 i §.1 0.245
300 ! 7.1 0.20
500 | 6.7 0.09
L 700 1 5.1 0.09
| VS 4.9 0.09 3.70x 107
? 3 i 4.9 0.09
| 5 | 4.6 0.010
: 7 ; 4,7 0.010
10 4.2 0.012
2 4.3 0,030
g 40 4.3 0.070
60 4.0 0.07
100 4.0 0,07
200 3.6 0.06
500 3.7 0.67
700 3.2 0.08
1G { 1.8 0.10 6.78
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RESULTS OF CONDUCTED MEASLIREMENTS

Mostar: 6.5 gal. water per 94 1b sack cement

Portland cement - aggregate ratio: 1/3

Frequency !
(Hz) !

Dielectric
Constant

Dissipation

Factor

Shielding Effectiveness
{ db/meter)

10
50
100
300
1K
3
10
30
100
300
500
700
1M

wn

28,
22.
16,
11,

m

wn

(O3]

PN

(SN
~N ®

o h

o N O ON D LWL OO v WO ™

N RN RN W W s & N b

— . OO 0 N

.198
.159
.005

.008
009

010
.015
015
.018
.030
.040
.060
.040
.010
NORY
029
.020

S O O O O o O O O
w

O OO0 O O O C O O O o 0 oo

— e e

114 x 1078

-
1.50 x 10

i 13




RESULTS OF CONDUCTED MEASUREMENTS

Nartar: 9.8 gal. water per 94 b sack cement

Portland cement - aggregare ratic: 1/3

||‘ Frequency Dielectric Dissipation Shielding Effectivene—ﬂ
:i (Hz) Constant Factor ( db/meter)
? 10 -- -
50 - --
100 : 19.1 L 0,272 5.66x 107"
300 | 15,1 0.39%96
| K 9.8 0.414 1.20x 107
3 7.3 0.392
; 10 5.6 0.299
i 30 4.8 0.227
’ 100 4.1 0.161
300 i 3.8 0.021
500 1 4.4 0.018
. 700 i 4.3 ¢.013
! M 4.2 0.016 7.10x10"
3 : 4.0 0,009
| 5 i 3.8 0.009
| 7 3.6 0.009
! 10 3.5 0.009
I 3.5 0.009
: 40 3.4 0.00%
; 60 2.2 0.009
‘ 100 2.1 0,008
| 200 1.5 0.007
i 500 1.2 L 0.05
L 700 03 . 0.07
L G 1.3 ' 0.07 5.59
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RESULTS OF CONDUCTED MEASUREMENTS

Dry Plaster of Paris

Frequency |  Dielectric Dissipation Shielding Effectiveness
(H2) ; Constant Factor (db/meter)

10

50

100

300
1K

3

10

R 6.04x 107

NN X

053 2.99 x 10”°

, e
I )

|

i

f S]]

RN NN
wn

o O O O o o o
<
(98]
~J
~

H

100 i '
200
500
700 ,

1G




RESULTS OF CONDUCTEDL MEASUREMENTS

Moist Plast 2t of Paris

i Frequency Dielectric Dissipation Shielding Effectiveness
} (H2) Constant Factor (db/meter)
i SO GO
! 10 -- --
50 ; -- --
100 ; 4 0.323 1,45 « 1078
1 300 ’ 3.8 0.288
; 1K . 3.2 0.149 7.58 x 107"
3 | 3.1 0.107
: 10 : 2.8 0.055
! 30 ’ 2.8 0.035
100 ! 2.7 0.008
300 | 2.9 0.008
500 ! 3.2 0.008
. 700 i 3.4 0.004
? ' ! 33 0.003 1 50 % 107
: 3 ! 3.3 0.002
| 5 | 34 0.0007
| 7 | 3.3 0.0006
10 | 3.1 0.0005
20 ‘ 3.0 60009
40 | 3.0 0.0070
60 i 3.0 0.0009
100 2.8 0.0009
200 2.3 0.0009
500 1.5 0.0010
700 1.4 0.0009
G 1.4 0.0010 0.77
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RESULTS OF CONDUCTED MEASUREMENTS

Aciylic Plastic {(Hysol)

Frequency % Dielectruc_ﬂT Diccipation 1 Shieiding Effectiveness ‘\
(Hz) l Constant Factor (db/meter) |
— ey
: 10 | 2.95 0.03 ;
50 | 293 | 0.08
100 , 2.79 i 0.024 ; 1.31x 107
| 300 i 2.76 0.014
1K ] 2,75 0.007 3.84x 10°°
3 2.9 . 0.009 ,
; 10 , 2.7 L 0.012 |
b0 ? 2.69 0.018 }
100 ! 264, 0.02 '
300 i 2.60 : 0.026
500 ! 2.76 0.030 :
| 70 ; 2.76 0.027
| | 2.76 | 0.024 1.31 % 107 |
: 3 : 2.76 i 0.020
; 5 | 2.62 0.0100
7 ; 2.47 0.0058
10 | 2.35 ) 0.0038
20 ' 2.31 L 0.0030
40 2.7 1 0.0020 |
i 60 1.7, : 0.0017 3
T 1,70 | 9.0016 :
200 1.50 { 0.0015 !
500 149 | 0.0012 {
700 130 1 €.0012 |
G 1.20 i 0.0012 0.1 i
Lo - 4 —_——— —————
147
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RESULTS OF CONDUCTED MEASUREMENTS

Acrylic Plastic (Lucite)

[ 7 -
i Fiequency | Dielectric Dissipation Shielding Effectiveness
(Hz) Constant Factor B ( db/meter)
i - B
. : 10 | 2.90 0.07 ]
50 ! 2.85 0.069
I 100 E 2.52 0.066 3.78x 107*
. b 300 2.40 0.065
‘ ! 1K 2,27 0.062 3.75x10°°
, 3 ; 2.29 0.055
; 10 231 1 0.047
: 30 2.15 0.042
" 00 2.08 0.038
300 2.23 0.020
5C0 | 2.35 0.010
700 = 2.03 0.010
1M ! 1.99 | 0.010 6.45x 1071
3 ! 1.95 0.009
' 5 i 1.87 0.009
7 , 1.84 0.009
10 : 1,77 0.008
20 1.77 0.008
40 1.70 0.008
60 1.80 0.008
100 1.60 0.007
200 1.50 0.007
500 1.49 0.006
700 1.40 0.006
1G 1.30 0.005 0.4
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RESULTS OF CONDUCTED MEASUREMENTS

Formica

i Frequency i Diclectiic Oissipation Shieiding tftectiveness

: (H2° Constant ; Factor ! (di/meter)
s 1 o s e
S
50 | 7. | 0.27
100 7.5 ' 0.278 E 9.24 % 107
300 : 6.4 ' 0.214 !
1K ! 5.6 ; 0 152 5.84x 107"
3 : 3.2 0.1
. 10 * 5.2 0.082
: 30 6.0 L0003 ,
100 | 4.8 ’ 0.026 |
300 4.3 0.G14 i
500 5.1 .009
! 700 | 5.1 0.108
; ! é.9 | ¢.ou/? 2.86 x 10°°
3 4.8 i 0.007 '
g 2 4.7 0.00¢6
' 7 | 4.6 0.006
i_ 10 , 1.5 0.008
| 20 | 4.3 0.009 ?
40 | 4.2 ; 0.010
| 0 14 I 0.010
; 100 i 1.4 : 0.010 ;
| 200 | 1.4 l 0.010 |
| 500 | .4 | o.010
700 14 . 0.010 !
| S 1.4 0010 0.7¢9 |
|- PR | PR d il - e

Y4y




RESULTS OF CONDUCTED MEASUREMENTS

{ Frequency 1' Dielectric ] Dissipotion
;L (H‘z) 1_— Constomﬁr - Foc_ff)l_ ~~4! o
L o | 7. 0.8 |
; 50 ; 6.2 0.601
- 100 | 5.5 0.501
| 300 i 3.9 0.348
= 1K ! 3.5 0.186
. 3 | 3.3 0.109
% 10 2 3.1 L 0.00
| 30 3.0 0.045
100 2.9 0.036
300 2.9 0.018
500 | 4.9 0.011
| 700 ' 4.9 0.008
f A F- 0.005
, 3 4.9 0.095
| 5 4.9 0.004
‘ 7 4.7 0.008
10 3.9 0.019
! 20 3.8 0.030
40 3.7 0.040
60 3.9 0.050
100 3.6 0.045
200 2.7 0.040
500 2.8 0.030
700 2.7 { 0.0'0
o 16 7 2.7 ] 0.030

Masonite Fibeibourd

Shieiding [Hectivenes

{ db/meter )

1.94 % 107°

9.05x 107¢

1.66

-
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RESULTS OF CONLUCTED MEASUREMENTS

Linun Phenslic

Dielectric
Constant

Dissipation “

Factor i

<N
— W)

o N

Ih U
w N Lo N

o b0 U,
N WL O — b e

NN R NN W WL W on

OOCCOOOOOOC)OOOOOOOOCOOO

e

( d L-,-"l reter )

§.05x 107°

-3

7.87 % 1D

4.66x 107"

Shielding Effectiveness

————{




RESULTS OF CONDUCTED MEASUREMENTS

Paper Phenclic

frequency Dielectric Dissipation Shielding Effectiveness
(Hz) Constant Factor (db/meter )
10 , - -
50 5.7 0.18
100 : 5.7 0.186 7,09 107
300 5.4 0.0%9
K 5.1 0.061 2.46 x 107°
3 4.9 0.042
10 4.8 0.036
30 4.7 0.035
100 4.6 0.036
300 4.5 0.014
500 4.5 0.0051
700 5.6 0.0051
1 M 5.7 0.0056 2.13 x107*
3 i 5.5 0.0060
5 4.6 0.0070
7 4,4 0.00%0
10 | 3.6 0.0090
20 3.5 0.0100
40 3.5 0.010C
60 3.0 0.0l
100 2.0 0.03
200 2.0 0.04
500 1.9 ¢.085
700 1.90 0.080
1G 1.89 0.080 5.30
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RESULTS OF CONDUCTED MEASUREMEMNTS

Viny! Asbestas Tile

! Frequency ﬁl Dielectric _—1 Dissipation Shielding Effectiveness
| (H2) Constant factor { db,'meter)
% T o T
I ]O . - -
50 : .67 0.3
C00 | 8.98 0.255 7.75 % 107
i 300 7.67 0.215
! 1K 6.58 0.166 5.89 < 10°°
; 3 5.99 0.132
i 10 5. 46 0.104
g 30 5.19 0.081
100 5.14 0.041
L300 4,98 0.003
500 ! 4,84 0.001
| 700 ! 4.34 0.001
M 4.4¢ 0.00) 4.31 A 1073
i 3 ! 4,48 0.001
i 3 | 4,78 0.001
: 7 4.82 0.001
10 4.77 0.C91
| 20 4.60 0.00!
| 40 4,54 0.001
| 60 191 0.02
100 1.90 0.03
200 1.80 0,05
500 1.70 0.04
700 1.60 0.03
1G 1,60 0.01

0.72
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RESULTS OF CONBUCTED MEASUREMENTS
Balsawaood
‘ Frequency T Dielectric Dissipaticn Shieiding Effectiveness
i {Hz) Constant Factor (db/meter?
L6 - .
50 i - -
1 100 4.65 1.29 6.70 x 107°
| 300 2.58 1.2
'; 1K 1.59 0.76 5.48 x 107°
3 1.27 0.44
i 10 1.03 0.29
i 30 1.09 0.19
100 1.02 0.15
{200 1.04 0.10
500 1.10 0.0058
| 700 1.20 0.0063 ,
‘ 1M 1.28 0.023 1.77 x 1072 ;
! | 1.24 0.020
' 1,15 0.019
1.15 G.017
| 10 1.07 0.014
E 20 .07 0.620 !
; i 40 1.07 (.027 '
E 60 1.13 0.035
: 100 1.29 0.04% | |
1 200 129 0.045 i
: 500 1.24 6.10 I
700 1.14 . !
16 1,12 0.13 ! i l




RESULTS OF CONDUCTED MEASUREMENTS

Birch

e U e

Frequency Dielectric Dissipation Shielding Effectiveness
{Hz) Constant Factor ( db/meter)
10 3.85 --
50 ; 3.83 0.3
100 | 3.71 0.295 1,39 x 107
300 3.38 0.173
1K 3.1 0.091 4.69x% 107"
3 3.02 ! 0.061
10 2.90 | 0.042
30 2.84 0.036
; 100 2.73 i 0,035
300 2.65 ’ 0.020
500 2.57 0.014
700 , 2.7G 0.020
i M 2.63 0.023 1.29 x 1077
! 3 ! 2,63 ] 0,025
5 2.63 0.026
7 2.54 0.027
i 10 ; 2.52 0.030
i 24 | 2.49 0.030
40 ‘ 2.4 1 0.030
e | 246 | G031
! 100 | 2.40 0.03!
200 , 2.4¢ 0.03¢
500 } 2.¢0 0.035
L 700 | Loz 1 uo2s
{ 1C i 1.84 0.035 2.35
| N

O e

Al




RESULTS OF CONDUCTED MEASUREMENTS

Cedar (along axis of groin)

ir Frequenc: Cielectric Dissipation Shielding Effectiveness
| (Hz) Constant Factor ( db/meter)
|
| 10 4.08 0.9
50 3.71 0.9
! 100 3.56 0.87 4.20x 107" _
| 300 3.65 0.64
i 1K 3.08 0.343 i.78x 1073
3 | 2.87 0.199
10 | 2.72 0.112
30 2.64 0.075
100 2.5¢ 0.057
300 2.42 0.040
500 2.22 0.030
705 2.18 0.030
1M 2.13 0.030 1.87 » 1077
: 3 212 1 0,029
! 5 2.0 0.0i3
! 7 1.79 0.012
L0 1.76 0.0i8
; 20 LRe 0.07
| 40 1,75 ' 3,011
L & 1?2 oo
| 00 VA5 L 0.0
{ 200 IR G.0%
} 500 .39 i .02
|70 i 130§ G.06
| 16 ‘ .20 1 Glos 5.0
U S U ) e vt e e —_ )




RESULTS OF CONDUCTED MEASUREMENTS

Douglas Fir
Frequency Dielectric Dissipation Shielding Effectiveness
(Hz) Constant Factor (db/meter)
10 ; 5.33 1.0
! 50 : 4.17 0.91
i 100 i 4.05 0.8%9 4.07 x 107¢
300 3.22 0.507
; 1K 2.73 0.240 1.32x107°
: 3 2.55 0.132
i 1C 2.4 0.073
I o 2.35 0.052
100 2.27 0.043
; 300 2.46 0.014
500 ! 2.96 0.009
700 | 2.90 0,009
1 r 2.79 0.008 4,36 x 1074
: 3 | 2.74 0.00%
i 5 2.69 0,009
5 7 | 2.59 0 0i2
( 10 g 2.49 0,019
i 20 2.44 0.019
5 40 2.42 0.021
! 60 1.96 0.035
1 100 1.90 0.030
l 200 ).$3 0.030 |
L 500 1.82 0.035
§ 700 P78 ! G.027
L_~ 16 1.75 “J 0.02v i 2.0




RESULTS OF CONDUCTED MEASUREMENTS

Mahogany
! Fiequency Dielectric Dissipation Shielding Effectiveness
: (Hz) Constant Factor ( db/meter)
L . -
50 5.84 0.99
! 100 5.65 0.989 3.79x 107¢
| 300 3.80 0.684
! 1K 2.81 0.393 2.13x 107°
i 3 2.46 0.230
10 2.21 0.130
30 2,11 0.081
100 2.01 0.063
300 1.83 —
Po500 2.09 0.008
L 700 2.05 0.009
M 1.97 0.010 6.48 x 1074
] 1.0 0.012
1.88 0.013
! 1.86 0.014
0 1.72 0.019
| 20 1.69 0.025
. 49 1 67 0.022
60 2.1 0.025
100 1.82 0.012
200 1.77 0.017
500 1.75 0.019
700 1.69 0.025
] 1G 1.59 0.015 1.08
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RESULTS OF CONDUCTED MEASUREMEINTS

Mahogany Paneiing

Frequency Dielectric Dissipation Shielding Effectiveness
(Hz) Constont Factor (db/meter)
10 3.4 0.5
50 3.42 0.49
100 3.33 0.4%0 2.44x 10"
300 2.80 0.325
1K 2.40 0.201 1.18x 107°
3 2.19 0.133
10 2.03 0.089
30 1.95 0.061
100 1.88 0.048
300 1.84 0.033
500 2.05 0.010
700 1.91 0.012
1A i.84 0.0i3 8.72 x 1077
3 1.72 0.014
5 1.69 0.020
7 1,40 0.025
10 1.35 0.026
20 1.32 0.03
40 1.31 0.037
60 1.5 0.035
100 1.46 0.025
200 1.42 0.030
500 1.39 0.040
700 1,29 0.030
1G 1.24 0.020 1.63
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RESULTS OF CONDUCTED MEASUREMENTS

Mahogany Trim
i
Frequency Dielectric Dissipation Shielding Effectiveness
(Hz) Constant Factor (db/meter)
10 -- -
50 -- --
100 5.82 1.292 4,87 x107¢ :
! 300 3.53 0.899
: 1K 3.39 0.559 2.76 x 107°
3 ! 3.01 0.341
10 : 2.72 0.203 R
30 2.58 0.135
100 2.46 0.095
300 2.34 0.063
: 500 2.59 0.045
| 700 2.49 0.045
i M 2.40 0.042 2,47 x 107}
3 | 2.32 0.041
5 2.29 0.040
7 2.28 0.040 3
10 2.12 0.039
20 2.10 0.039
40 2.06 0.037
60 2.15 0.025
100 2.10 0.024
200 2.05 0.02!
500 2.04 0.023
700 1.89 0.025
1G 1.73 0.0i5 1.03
160 :
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RESULTS OF CONDUCTED MEASUREMENTS

OokF!ooring
l Frequency 1 Dielectiic Uissipation Shielding Effectiveness
! (Hz) a Constunt Factor (dk/meter)
e .
? 50 : - -- :
! 100 5 13.29 1.041 2.60 x 107¢
| 300 ' 7.39 0.847
i 1K 5.13 0.498 2.00 x 107°
; 3 f 4.30 0.312
{10 | 3.70 1 o.1gs
i 30 3.44 0.124
: 100 3.20 0.087
300 3.15 0.066
500 2.81 0.010
700 2.71 0.011
. Y { 2.66 ' 0.011 6.14 x 1074
_ 3 ! 2.56 0.01
! 5 | 2.34 0.011
7 ! 2.31 0.011
10 | 2.19 0.011
20 2.17 0.012
40 2.16 0.017
; 60 2.10 0.019
[ 100 1.80 0.02
L 200 1.70 0.02
i 500 1.70 0.032
2 700 1,60 0.03
, 1G 1.60 0.04 2.88
e e ] ]
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RESULTS OF CONDUCTED MEASUREMENTS

Yellow Fine

Frequency Dielectric Dissipaticn Shielding Effectiveness
{Hz) Constant Factor (db/meter)
10 - -
50 ; -- --
100 5.26 0.957 5.80x 107"
300 3.88 0.580
1K 3.07 0.308 1.60x 107°
3 2.75 0.184
10 2.45 0.108
30 2.42 0.070
100 2.32 0.064
| 300 I 2.29 0.058
500 ! 2.35 0.054
700 2.30 0.053
i M 2.27 0.052 3.i1dx 107
3 2,19 0.052
5 2.16 0.061
7 1.94 0.042
10 1.82 0.044
20 1.80 0.041
40 1.66 0.038
60 1.50 0.035
100 1,48 0.030
200 1,46 0.026
500 1.31 0.025
700 1.30 0.020
16 1,20 0.018 1 1,50
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RESULTS OF CONDUCTED MEASUREMENTS

Fit Plywood
f— Frequency Dielectric Dissipation Skielding Effectiveness
L (Hz) Constant Factor ( dbsmeter ) !
b ——
o - -
N 50 - -
i 100 10.25 0.932 2.65x 107"
| 300 6.45 0.729
| 1K 4,68 0.464 1,95 % 107°
; 3 3.51 ! 0.341
i 10 292 | 0.217
| 30 2.67 0.151
100 2.43 0.116
| 300 3.08 0.044
500 3.08 0.014
700 3.08 0.014
i 1M 3.05 0.016 8.34-.107*
: 3 ! 279 | 0.018
5 2.36 ‘ 0.019
7 2.23 0.019
10 2.16 0.020
20 2.16 0.025
40 2.16 0.030
60 1.96 0.036
100 1.60 0.030
200 1.86 0.025
500 1,78 0.031
7 1.52 0.034
1G 1.57 0.036 2.62
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RESULTS OF CONDUCTED MEASUREMEINTS

Asbestos Shingle

frequency Dielectric Dissipation Shielding Effectiveness 1
(Hz) Constant Factor { db/meter) .
10 -- --
50 - -
100 25.3 0.092 166 x 107
300 23.9 0.105
' 1K 2.1 0.118 2.28x 107"
3 20.4 0.148
| 10 17.6 0.190
30 15.6 0.09%
| 100 12.5 0.078
| 300 12.1 0.043
500 0.9 0.019
| 700 1.9 0.011
5 M 10.9 0.010 2.76x 107"
! 3 9.7 0.009
! 5 9.4 0.009
% 7 8.5 0.009
| 10 7.9 0.009
20 7.0 0.009
! 40 6.8 0.010
60 5.2 0.010
100 4.1 0.010
200 4.1 0.010
500 3.7 0.010
700 3.6 0.010
| 1G 3.5 0.010 49
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RESULTS OF CONDUCTED MEASUREMENTS

Dork Breswaox

tUsed with Paper Materiois as o Moisture Barrier )

Fieguency 1 Diz-lechic‘ﬁ Dissipation j Shiclding Lffectiveness j
(H2z) ! Constant Factor | ( db/meter)
10 2.9 -- ———1
50 | 2.2 0.04]
L : 2.90 0.037 1,98 « 10°
300 2.87 0.027
1K ! 2.84 C.026 Poax 1ot
; 3 5 2.8] 0.014
; 10 § 2.73 0.013
E 30 ! 2.64 0.00¢
§ 100 ! 2.57 0.009
300 } 2.57 0.008
_ 500 : 2.57 0.007
f 700 | 2.57 0.008 ‘
| M i 2.51 0.007 ! 400 % I8
: S | 2.50 0.007
5 } 249 1 oaug
? 7 | 2iyt o 0.009
j 10 i 249 1 o005
20 2.38 0.030
; 40 2.35 0.040
| 61 2.5% 0,049
100 2.52 0.050
200 2.50 0.050
500 2.50 0.050 !
700 2.50 0.050 '
i 1G 2.4 , 0,047 2.7¢
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Lignt Beeswaox

RESIILTS OF CONDUCTED MEASUREMENTS

{ Used with Paper Moterials a: o Moisture Borrier)

Frequency
(Hz)

Dielectric
Constant

I

Dissipation

Facter

Shielding Effectiveness
( db/meter)
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|
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RESULTS OF CONDUCTED MEASUREMENTS

Cardboard
Frequency Dielectric Dissipation Shielding Effectiveness
(Hz) Constant Factor (db/meter)
, 10 2.2 0.5
: 50 . 2.15 .41
100 | 2.05 0.403 2.56 x 107°
300 1.68 0.275
: 1K 1.45 0.1¢8 1,27 x 107"
i 3 1.35 0.104
i 10 1.38 0.067
| 30 1.34 0.048
% 100 1.29 0.078
| 300 1.26 0.020
j 500 1.23 0.009
L 700 1.23 0.007
3 i i3 0.016 7.9x 10"
1.4 0.022
V.42 0.035
7 1. 46 0.042
10 1.44 .4l
20 1.37 C.070
40 1.21 0.0%
60 1,19 0.120
100 1.20 0.109
200 1.25 0,120
500 1.19 0.090
700 1.15 G.090
1G 1.15 | 0. 080 | 6.79
L ) |
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RESULTS OF CONDUCTED MEASUREMENTS

Glass

f
!
i

Frequency Dielectric Dissipation Shielding Effectiveness
(Hz) Constant Factor ( db/meter)
= i
! 10 8.0 --
50 7.48 .ol
100 7.22 0.007 2.37x 10"
L300 7.07 0.0051
? 1K 6.9 C.0036 1.35x 107
; 3 | 6.85 0.0034
i 10 6.81 0.0039
| 30 5.69 0.0042
100 6.14 0.0062
L300 | 5.83 0.005
| 500 | 6.50 0.0074
! 700 ! 6.61 0.0082
. M 6.53 0.008! 2.88 x 107
| 3 6.52 0.0086
i 5 6. 44 0.009
5 7 = 6.40 0.0}
10 6.40 0.011
20 .26 0.013
: 40 5.76 0.022
60 4,62 0.020
100 5.15 0.01
200 5.30 0.01
500 5.03 0.01
700 3.6 0.01
16 3.26 ¢.ol 0,504
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RESULTS OF CONDUCTED MEASUREMENTS

Dry Corrugoted Pastebocrd

Frequency Dielectric Dissipation Shielding Effectiveness
(Hz) Constant Factor { db/meter)

10 - --
50 -- --
100 ! 1 47 3.8x 10"
300 1.24 097
1K 1.24 067 5.48x 10°"°
3 i 1,22 .U54
10 1,22 .045
30 1,21 039
100 1.20 .043
200
500
700

LY

O O O C O o O

10
20
40
60
100
200
500
700
1G
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RESULTS OF CONDUCTED MEASUREMENTS
. Moist Corrugated Pasteboard
| Frequency Dieleciric Dissipation Shieldi‘ng Effectiveness
(Hz) Constant Fa:tor “do/meter)
10 - --
50 i -- - .
100 14,1 0.99 2.40 x 107
300 6.1 0.95
1K 2.2 0.95 5.83 x 107
3 | 1.3 0.96
10 ! 1.8 0.6
, 30 1.6 0.31
: . 100 1.5 0.22
? 300 ! 1.3 0.091
500 ! 1.21 0.063
i 700 ! 1.18 0,048 )
| 1M | 1.18 0.040 3.35 % 107"
3 | 1.16 0.012
5 } .06 0.013
7 l 1,06 0.012
10 ] 1.02 0.0i2
20 1.02 0.018
! 40 1.02 0.019
60 1.25 0.022
10C 1.30 0,020
200 1.30 0.019
500 1,25 0.020
700 1,12 0.013
1G 1,10 0.C09 0.7¢
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RESULTS OF CCNDUCTED MEASUREMENTS

Tar Paper
Frequency { Dielectric n Dissipation Shielding Effectiveness
(Hz) | Constant Factor ! (db/meter)
; T —
10 ! 2.0 C.4 |
50 ! 1.7 0.313 |
100 ; 1.6 0.273 1.96 x 107°
{300 1.6 0.163
| 1K 1.45 0.117 8.84x 107"
\ 3 : 1.4 ! 0.078
; 10 : 1.3 L 0.052
} 30 i 1.3 0.038
; 100 | 1.3 0.029
L 300 ! 1.2 0.019
' 500 f 1.3 0.014
| 700 i 1.4 0.014 )
M ! 1.4 0.015 1.34 x 107
| 3 | 1.4 0.016
| 5 | 1.5 0.017
= 7 i 1.5 0.018
; 10 % 1.5 0.018
. 20 1.5 0.030
40 1.4 0.050
¢0 1.5 0.080
100 1.5 0.095
200 1.4 0.080
500 1.3 0.080
700 1.2 0.070
1 G 1 0.960 5.21
-
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